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Gas Turbine Globai Value of
Production Trends
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» Power generation gas turbines contribute ~10% CO,

emissions in US.

 Aviation contributes 3%++ of anthropogenic CO, emissions.

* Shipping CO, emissions similar level as aviation.
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University of “Net-Zero Carbon” Fuel Options
# Connecticut  in Aviation: Volume and Weight

Carbon-Free Fuels

Gravimetric Density (kWh/kg) * Hydrogen
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» Global NH; production:
~175B kg/year; 2™ most

transported chemical in world

e Ammonia = “familiar” fuel COMBHASTION
DIAGNOSTICS

« Ammonia’s energy similar to methanol

« Ammonia’s storage properties similar to propane
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@ Universicyof  J _ apd NH;-based Engines (1)

2 Connecticut

Early Cold-War Fra
1960

N & =5 A

> NH; fueled o High-altitude,
rocket engine  Hioh-speed flight

» H, turbine engine,

predecessor to RL10
P&W 304 Engine| rocket engine
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@ University of HZ' and NH3-based Engines (2)

Connecticut

Climate-Change I'ra

HySIITE H, engine concept

iAIB&BOSMOS

30 rwier 202% - 880 €
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 Low carbon,
NH 4 engine concept

Low climate-
impact flight

studf'es S - 30 janvier 2025 - 580 €
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@ Universicyof ~ Challenges: How to Burn NH; with
¥# Connecticut Low Emissions (1)

* Liquid-NH; contains more than 1.5 times the energy of
liquid-H, per unit volume.
v .

Toxicity : :
0 J - Acid rain
NOx emissions <€ Smog

-

_I—gnition difficulty OZOI}E
‘ y st depletion

l. Cﬁrbon free \\

Low price

‘ H, carrier

" Easy storage "/// ™ Low heating value

‘ Low ﬂammabilify_/ \ Low flame speed |

and reactivity

o —— A& B

* A major challenge 1s emissions of nifrogen oxides
(NO, NO,, N,O, N,O,, etc.), collectively called NO,,
from ammonia combustion.
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@ Universicyof ~ Challenges: How to Burn NH; with
¥# Connecticut Low Emissions (2)

 The U.S. EPA regulates gas turbine emissions —

for example, the NO, emission limit for new natural gas-
fired stationary turbines (>249 MW) 1s 15 ppm at 15% O,.

« There are many factors that impact NO, formation in
as turblnes _ -,rcmperature:‘ p :Pressul-e: g Equivalence ratio_ ;
g .__[Nox] = f {

‘_ Residence time | ; ‘ Wall heat loss

NO, = NO + N,O + NO,

» Chemical kinetic studies are crucial for designing
low-NO, ammonia combustors.

e
Can ammonia combustor design achieve <15 ppm NOx |
under gas turbine-relevant combustion conditions? J
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University of Rich-burn/Quick-quench/Lean-burn
N Connecticut (RQL) Concept

 To achieve high efficiency, ultra-low 5 s
NO, emissions, and stable operation Gombustion
under varying power conditions, the A
RQL combustor design widely used 1n
gas turbines has shown promise.

Mixing & Lean
Combustion
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@ University of Re-Think Approach to
X Connecticut RQL Combruistion (1)

Conventional RQL jor Hydrocarbon Fuels

* Rich-zone considerations:

— PM (soot) vs. turndown
= FFAR range
— Ignition/stability

= geometry/ S1Z€ (TAnchorZone)

== * Lean-zone considerations:
Fl‘.tl

Injection \ /O — CO burnout vs. NO,

Recirculation Dilution and
of ot gases Mixing Air = Ty oaq 101!, rapid mixing

— Pattern factor (temperature

uniformity) = complete mixing
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@ University of Re-Think Approach to
X Connecticut RQL Combruistion (2)

RQL Reconfiguration far Low-NCO NH; Corabustion

NH,-Air Combustion atp =35 atm, T =850 K NH; at rich conditions

£ 300 A m ] 7] 150 (oxidation and cracking):
\ h
S 250 | | NO | 1 125 ey
Q. ' —_— — . -
P O\F NHy|@4oms | o E At equilibrium =
2 \ - a NH;<20 ppm for ¢ < 1.4
£ 150  \ {175 =
= 100 F % 1l 3 — Remaining fuel is H, = burn
£ ! )
= - 5 . 7»
= s0 f N L Equil. NH;| 25 at lean-stage air addition
o S o
(TN 0 ------- i 0

— NH; cracking and oxidation
time >> 40 ms for ¢ > 1.5

COMBHSTION
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@ University of Re-Think Approach to
X Connecticut RQL Combruistion (3)

RQOL Reconfiguration for Low-NC _NH; Cornibustion

o 4
i R
-

Stagni Mechanism - Peak NO

m  Stagni Mechanism- NO @ 40 ms
----Equilibrium NO * NO_at lean/rich conditions:
—— Equilibrium Temperature (35 atm, 850 K)

< — N pathway = starts from both
10000 ' 2500 3
_ v .
_ 2300 3 air (N,) and fuel (NH;)
£ g ,_ e
S 6000 2100 ‘g’ — Approach to equilibrium =
— o P
S 4000 Equil’, sl = from “above” (versus “below”)
NO
2000 F 1700 3 .
Gl e VN s — 10 ppm achievable =
0 "3 LSt 1500 5
0.5 1.0 pQL 15 i Tpich and T .,

Equivalence Ratio ¢ COMBHASTION
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Univers@yof Challenges of Adopting RQL Concept
Connecticut to NH,

Govern NO,
production for
HCs

Chemical time scales Physical time scales

Slow chemistry 10 —

* Thermal-NO formation Bl

* Soot
T T P TR TR R T -2 . -
Finite-rate chemistry 107%s —| |

* Energy-release reactions —| | Time scales of flow,

e Fuel-NO formation ) transport, turbulence

107%s —

* Prompt-NO formation —

10 8s —
Fast chemistry

Govern NO,
production for
NH;




University of Chemical Reactor Network
¥ (Connecticut (CRN) Modeling (1)

[ch‘h——hurn/Quick-quencl:],f_Lean-burn (RQL) Combustur]

Mixing & flame: PSR-1
Downstream combustion: PFR-1

Secondary air mixing: PSR-2
Post-mixing combustion: PFR-2

_— ——

PSR — Perfectly-stirred reactor
PFR - Plug-tflow reactor

Primary air Secondary air

Air

PSR-1 me—-| PFR1 p— DS | PFR-2
| ¢=190¢y | @ KJ ¢=<10 )
Rich-burn stage Lean-burn stage

Outlet

1

» Cantera: Open-source flame and chemical kinetics simulation tool
= CRN: Computationally less intensive than 3D simulations & reliably accurate
COMBUSTION
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University of
Connecticut

Actual combustor

Fuel nm.y
I

-

Swirler

PSR-1 PFR-1 PSR-2 PFR-2
Secondary a1r—i \
- I s i
(N | - e i —
Q) T~ :C*\_/ T
N s I -1 ‘
; Secondary air

|
Rich-burn stage Lean-burn stage ‘

PSR: Perfectly-stirred reactor
PFR: Plug-flow reactor

Chemica! Reactor Network

(CRN) Modeling (2)

CRN model
) Primary air Secondary air
Air
; 3 y > 1.0 : ) ¢ < 1.0 '
7777777 Rich-burnstage ~ Lean-buristage |
Fuel Outlet
Tiotal TpsR-1  TPFR-1 TpsR2 TpFR2 P Tin  Tow &,
Study set (ms) (ms) (ms) (ms) (ms) (atm) (K) (K) (-)
A 38.5 0.5 35 1 2 35 850 1800 1.0-1.8
E 11.5-41.5 05 5-35 1 2-5 20 850 1800 1.0-1.8
F 11.5-41.5 05 5-35 1 2-5 30 850 1800 1.0-1.8
G 11.5-415 05 5-35 1 2-5 40 850 1800 1.0-1.8

Parametric




@ University of Chemical Reactor Network
¥ (Connecticut (CRN) Modeling (3)

psR2 TPiR2 Pin  Tin  Towt &by
(ms) (ms) (atm) (K) (K) (-)

industrial engine “baseling” case

Ttotal TPSR-1
Study set (ms) (ms)

A 38.5 0./ 1 2 35 850 1800 1.0-1.8
B 11.5-415 0.5 1 2-5 35 850 1700 1.0-1.8
C 11.5-41.5 0.5 1 2-5 35 850 1800 1.0-1.8
D 11.5-415 05 [ 2-5 35 850 1900 1.0-1.8
E 11.5-41.5 0.5 1 2-5 20 850 1800 1.0-1.8
K 11.5-415 05 1 2-5 30 850 1800 1.0-1.8
G [1.5-415 0.5 l 2-5 40 850 1800 1.0-1.8

Examine conditions and kinetics

Jor “relaxation” to low emissions
COMBEISTION
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NOy (ppmvd, 15% O»)

Chemical Reactor Network
(CRN) Modeling (4)

Comparison of Literature Chemical Kinetic Models

10°

—
o
3]

—_
=2

10°

T = 850K; P, = 35atm; T,, = 1800K; ¢, = 1.45; ¢ = 0.44
Tpsr-1 = 0.5 ms; Tppra = 35 ms; Tpsgpa = ].mb, TpEp2 = 2ms
!
I sz 31 species|and
| —  Stagni .
.L & 203 reactions
N - = - Powell
| RN, —-=—- Glarborg
\o.&:%ug k\*u --------- Mei
%‘n ,‘:M"J'“%~___,__H & )
m""&. R TN
r g 1 T R e e . L J
. bl PR — TR W
| Kinetically driven variation
[
0 5 10 15 20 25 30 35 40

Tg (ms)
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Ox (ppmvd, 15% O3)

e

Outlet

10

Chemica! Reactor Network

(CRN) Modeling (35)
Optimal! NOx Emissions: Dependeice on ¢ and T

O  Minimum outlet NOy

Tiotal = 10.75ms — 11.50 ms;
Ttotal = 19.75ms — 16.50 ms;
= Ttotal = 20.75 ms — 21.50 ms;
j o— 2] = 25.75 ms — 26.50 ms;

TPFR-1 = D IMS

TrFR-1 = 10ms
TPFR1 = 15ms
Terrg = 20ms

[Tm = 850K; Py = 35atm; Tou = 13”qu
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Chemica! Reactor Network

University of
Connecticut (CRN) Modeling (6)
Rich Stage*  Lean Stage®
T Porr Temz B&) L @ ¢ NH,! NQx*@NH,' NOx*
Case (ms) (ms) (ms) (atm) (K) (-) (-) (ppm) (ppm) (ppb) (ppm)
ARLJ)IBS5 35 £ 25 1800 145 045 17.5 4.7 0.023 .
A2 38,5 35 £ 35 1800 1.80 0.45 6384.3 2.6 0.013 8954
A3 385 35 2 35 4, W00 1.10 0.4)NM.7 120.4 0.021 118.3
£l 1LS i 5 35" 1800 1.30-045 12.6 232 0.022 283
C2 A4 35 5 35 1800 1.45 045 17.5 4.6 0.023 F 12.9
D1 41.5 35 5 35 1900 1.45 0.51 17.5 46 0.073 194
oy 385 35 2 35 90N 1.45 0.51 17.5 4.6 0.073
El 115 ) 5 2 1800 1.35 045 14.7 36.2 0.017 40.0
E2 4léay 35 5 a0 1800 1.45 045 10.5 6.5 0.018
Gl @lo D 5 40 1800 1.30 045 13.7 20.3 0.024 26.2
G2 315 35 5 40 1800 1.40 045 154 6.0 0.024 " 13.4

At the end of fuel-rich stage
$ At the end of fuel-lean stage
* Lean-stage equivalence ratio is same as global equivalence ratio

T Wet basis

* 15%0,

COMBHSTION

DIAGNOSTICS
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@ University of Development of L.ab-Scale
$# Congftucur Ammonia Combustor

* Adoption of rich-burn/quick-quench/lean-burn (RQL)
strategy for ammonia combustion under aero gas-turbine

relevant conditions

* Application of a CRN guided, CFD modeling design

approach for iterative variations in geometry and conditions
* Design of a swiri-stabilized ammonia burner

* Design optimization of rich- and lean-zone dimensions

* Design optimization of quench-jet flow split and layout

* Performance target: NO, emissions below 30 ppmvd
(at 15% O,, humidity-corrected)

COMBHSTION

DIAGNOSTICS
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%\@ University of ¢RI Guided, CFD Design Approach (1)

% Connecticut

* Swirler concept generation and
CFD optimization for mixing and

flame anchoring.

— CRN to guide combustor

preliminary layout and design.

FT40008 Aeroderivative Dual F uel G as Turbine Engine.

— CFD for combustor flame

Basic NH; injector anchoring/quench jet optimization.

design adapted from . . N

US Patent 12.181.153. Given 1nlet and outlet conditions for
originally developed an aero gas-turbine, CRN modeling
for pure H: or high-H: guides combustor sizing and
content blends residence time for CFD.

COMBHSTION
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CRN Guided, CFD Design Approach (2)

Govern NO,
production for

HCs

Chemical time scales

Physical tiine scales

Slow chemistry 10 —
¢ Thermal-NO formation X
Soot
"""""""""" o x)
Finitc-rate chemistry 107%s —_|

* Energy-release reactions —
* Fuel-NO formation
* Prompt-NO formation

Fast chemistry

Govern NO,
production for
NH;,

Time scales of flow,
transport, turbulence

CFD captures flow and mixing well,
but detailed chemical kinetic models
are prohibitively expensive for large

design-space exploration.

CRN models predict NO, with high
chemical fidelity but lack spatial tlow
resolution, missing localized effects
critical to practical combustor design.

For HCs, decoupled CEFD-CRN
iterative procedure can be used for
pollutant prediction due to differing

turbulence-chemistry time scales.
Mixing-limited

COMBHSTION
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University of . .
@ nggi‘&ﬁt CRN Guided, CFD Design Approach (3)

* For NH; flames,

o "W — decoupling turbulence and chemical
990 kinetics is inappropriate due to similar flow
and NO, production chemical time-scales.

— turbulent eddies are embedded within the

reaction zone = turbulence—chemistry
interaction must be modeled in CFD.

(o)
I
[}

)
Q
qﬂooﬂ
& s

vV VoY
e
vVVYVYY

Q

o
oS,

— turbulence-chemistry interaction is modeled
using the Eddy Dissipation Concept (EDC),

All the turbulent eddies are embedded in the though at hlgh Computational COst.

reaction zone (Da, < 1)

— EDC assumes that chemical reactions occur
within the smallest turbulent scales, where
steep species and temperature gradients
yield intense local mixing.

COMBHSTION
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¥} Qnivesiol - CFD Methodology (1)

» Steady-state RANS simulations with
realizable k-¢ (RKE) turbulence closure,
well-suited for strongly swirling flows.

« NHj/air turbulent combustion modelied
using EDC.

e Chemkin-CFD solver with Stagni et al. (2020)
mechanism (31 species, 203 reactions) for
finite-rate chemistry.

« Radiation neglected; adiabatic walls applied;
appropriate for design-stage screening and
emission trend analysis.

* Grid independence veritied for all stmulations.

Gigh-resoluticvi mesh of ~8M cells,
~33M Jaces, and ~17 /4 nodes

COMBHSTION

Poly-hexcore mesl:1 with boundary- N ostics
layer refinement LABORATORY




) Uivesivof  CFD Methodology (2)

Qualitative RKE-RANS-EDC validation against an independent LES

(a) LES predicted temperature field in the combustor (b) RANS-EDC predicted temperature field in the combustor
DIAGNOSTICS

——

LABORATORY

CRZ: central recirculation zone ORZ: outer recirculation zone
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Connecticut

NV

Swirl Burner Design

* Tangential NH; injection aligned with air

swirl = preserves swirl strength and
enhances flame anchoring.

Fuel orifice

Axial swirl vane (air)

Nz

N K
78| I\

. * Injector outlet flared to promote CRZ

Tangential sl vane (s formation and enhance flame stabilization
Axial swirl vane (air)
for NH; combustion.

* Fuel orifice sized for tip pressure drop < 8%;
air swirler sized to a typical combustor
dome pressure drop.

* Fmal design: swirl number Sy = 0.6, selected
for flame anchoring across low-
and high-pressure, high-temperature

operating conditions.
4 Operating Conditions Range

100% NHy; it = 0.026 kg/s; T, =850K: Tpu=310K; T, =1800K;

'Z. - _ P=35atm; AP/P=3.5%; ¢,=1.1-17




@ Hiniverdey of Rich-Zone Design

Connecticut
400 - N
P [NO,]: CFD, ¢, = 1.3 . )
ot e [NO,]: CRN, T, = 1.6ms, ¢, = 1.3 SufﬁCIent rZCh-ZOne . e

——— [NH3]: CFD, ¢, = 1.3

— = = [NH): CRN, % = 1.6ms, ¢, = 1.3 || achieved using da ZOW
2 |

| reference velocity in the
[ T, =850 K; Ty =310 K; P = 35 atm ] COMbMSIOrfFOHI end to
reduce the required
combustor length.

Concentration (ppmvw)
=4

30 40 50 60 70
Ty (ms)

* Rich-zone 1 estimated {rom cylindrical NH; combustor
simulations without secondary-air quenching, maintaining stable
swirl-anchored flame.

* NO, and NH; below 15 ppmvw at ~35 ms residence time to ensure
almost complete NH; cracking to H,. % T

DIAGNOSTICS
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% Connecticut

¥

Rich-zone

Lean-zone

Rich-zone

Lean-zone

[mis |
120
]
98
|84
2
50
a8
6
' S

Quench-Zone Design

e Contraction section added downstream of

rich-zone to prevent quench air backflow.

Quick-mix jet penetration depends on number,
spacing, shape, slant angle of orifices, axial
mass addition rate, and orifice-induced swirl.

NO, minimization in quick-mixer: tradeofi
between effective initial mixing and wall-
region mixing downstream of injection plane.

Optimized jet-to-mainstream mass-flow and
momentum-flux ratios to avoid under- or
over-penetration.

Using CED, eccentrically aligned round holes
yielded the lowest NO, quick-mixer
Conﬁguration. COMBHASTION

Flow field near quench jets

DIAGNOSTICS
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{§) Universioof 1 ean-Zone and Full Path Design

% Connecticut

— @55mm —@71mm

@51mm
— @47mm

T

et

W
)

406mm

229mm

¢ Lean-zone length sized to minimize thermal NO, while
meeting combustion efficiency and exit temperature

profile requirements.

» Total combustor length: 635 mm (injection to exhaust
plane); four 6.35 mm quick-mix jets in quench zone.

* Configuration achieves optimal mixing, minimal NH;-slip,
and lowest NO, at lean-zone outlet.

COMBHSTION
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University of CFD—-CRN Results

¥ (Connecticut

100 Fr— i G5
=
£ 90
[#]
=
5 80 — —
"E‘ I["_ CFD: ¢, = 1.3 (Round holes)
= 70 | ———— CFD: ¢, = 1.3 (Oval holes)
k= ————— CFD: ¢, = 1.35 (Oval holes)
2 60 e CFD: ¢, = 1.2 (Oval holes)
51 50 - CRN: Ty = 1.6ms, ¢, = 1.3
w 40|\ .
"g 30 kL\ /
e :
B 20 5
Q
7 10

U |
0 5 10 15 20 25 30 35 40 45

* NO, minimization most sensitive to

rich-zone 1, and quench-zone design.

Oval holes cause over-penetration at
given momentum flux ratio

= higher NO,.

CFED shows temporal NO, species
shift versus CRN; attributed to more
accurate capture of fuel mixing time
before equilibrium relaxation.

Achieved NO, < 30 ppmvd (15% O,,
humidity-corrected) under aero-
derivative gas-turbine conditions.

[ 100% NHy s = 0.026 kgfs; Ty =850K; Tq=310K; T, =1800K; P=35atm ]

COMBHSTION
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@ givesivol - Copcluding Remarks

» Leveraging carbon-free fuels in advanced power and propulsion systems
has the potential to reduce net CO, emissions.

 Aviation is difficult to de-carbonize, but new fuels offer efficiency
improvements to help enable.

* Hydrogen has challenges, but brings opportunity as cryo-fuel/cryo-fluid
1n aviation.

 Ammonia is viable as a carbon-free, high-efficiency transportation fuel,
including 1n aviation.

« NH; requires fundamentally different RQL design approach compared to
conventional hydrocarbon fuels.

 Low-NO,, NH; combustion achievable in RQL architecture when rich-
zone T,., and quench-zone mixing are co-optimized.

* A comprehensive ammonia combustion kinetics 1s essential for optimizing
conditions to minimize NO, emissions in high-pressure GT operations.

COMBHSTION
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University of . oye . .
YoF Connecricur SWirl-Stabilized Ammonia Flame Rig

Direct
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Mormalized Intensity f&u. )
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310nm Direct

AP =3%, ¢ = .75 AP = 3%, @ = .65



